More than 12 neurogenetic disorders are caused by unstable expansions of (CTG) †(CAG) repeats. The expanded repeats are unstable in germline and somatic cells, with potential consequences for disease severity. Previous studies have shown that contractions of (CAG) 95 are more frequent when the repeat tract is transcribed. Here we determined whether transcription can promote repeat expansion, using (CTG) †(CAG) repeat tracts in the size range that is typical for myotonic dystrophy type 1. We derived normal human fibroblasts having single-copy genomic integrations of 800 CTG repeats. The repeat tract showed modest instability when it was not transcribed, yielding an estimated mutation rate of 0.28% per generation. Instability was enhanced several-fold by transcription in the forward or reverse transcription, and 30-fold by bidirectional transcription, yielding many expansions and contractions of more than 200 repeats. These results suggest that convergent bidirectional transcription, which has been reported at several disease loci, could contribute to somatic instability of highly expanded (CTG) †(CAG) repeats.
INTRODUCTION
Many neurogenetic disorders are caused by unstable expansions of simple tandem repeats (1) . The tendency of unstable repeats to expand or contract in the germline can lead to marked phenotypic variability within families. Instability of expanded repeats also occurs in somatic cells, which may affect the age of symptom onset or rate of disease progression (2) .
In the case of myotonic dystrophy type 1 (DM1), the expanded repeat is particularly large and unstable. Individuals with DM1 usually inherit alleles with hundreds of CTG repeats in the 3 ′ -untranslated region (UTR) of DMPK, whereas unaffected people have fewer than 37 repeats (3, 4) .
Evidence suggests that instability of expanded (CTG) †(CAG) repeats is associated with cellular processes, such as DNA replication, repair or transcription, that entail strand separation, thus promoting the formation of extrahelical looped-out structures that are substrates for error-prone repair (reviewed in 2, 5, 6) . The effects of transcription on repeat stability are particularly pertinent for DM1 because (i) expansion of the repeat does not silence transcription of the mutant allele (7); (ii) the organs most affected-skeletal muscle, heart and brain-are those with low rates of cell proliferation yet highest levels of DMPK expression (3, 8) ; (iii) the somatic instability ultimately generates enormous alleles in cardiac and skeletal muscle, ranging from 2000 to 6000 repeats (9 -15) ; and (iv) the DM1 (CTG) †(CAG) tract is transcribed in both directions (16) .
Previous studies in bacteria using plasmids that carried an interrupted (CAG) 175 repeat showed that deletions were more frequent when the repeat tract was transcribed, an effect suggested to result from collision of the transcription complex with the replication fork (17) . In mammalian cells, the evidence for transcriptional enhancement of repeat instability comes from studies of human fibrosarcoma cells, using a selection system to detect large contractions that reduce (CAG) 95 down to fewer than 39 repeats (18) . The basal frequency of such events was low, around 4 × 10 27 per generation, but was stimulated 15-fold by transcription across the CAG repeat. Subsequent studies using the contraction selection assay revealed the involvement of various nucleotide excision repair factors including CSB, linking the process to transcription-coupled repair (19) . Recent studies have also shown that CAG transcription induced the formation of RNA:DNA hybrids (R-loops) that stimulated repeat contractions (20) . However, it has not been determined whether transcription can stimulate (CTG) †(CAG) expansions, the genetic events that are most relevant clinically.
Here we examined repeat stability by introducing highly expanded (CTG) †(CAG) repeats in normal human fibroblasts. We tested the effects of unidirectional and bidirectional transcription on the frequency and size of repeat contractions and expansions.
RESULTS

Instability of CTG repeats that are not transcribed
To introduce highly expanded CTG repeats into normal human cells, we inserted 800 CTG repeats into plasmid pLC16, using rolling circle amplification and cell-free cloning as previously described (21) . MRC-5 fibroblasts were co-transfected with plasmid pLC16 (Fig. 1A) , which expresses a puromycin resistance-green fluorescent protein (GFP) selectable marker (puroGFP), and plasmid pPhiC31o, for transient expression of phiC31 integrase. The integrase catalyzes single-copy genomic integrations of circular DNA at any of .70 pseudo-attP attachment sites in the human genome (22) . Following puromycin selection, we obtained three independent clones showing robust transgene expression, as reflected by GFP activity. As initially derived, these cells did not express the (CTG) 800 tract because it lies downstream from a strong transcription terminator. The absence of CTG expression was confirmed by reverse transcription polymerase chain reaction (RT-PCR) and fluorescent in situ hybridization (FISH) (Fig. 1B and C) .
After 32 days of clonal growth, the stability of (CTG) 800 was examined by small-pool PCR followed by Southern blot. At least 40 alleles were analyzed for each clone, using a gel system that resolves changes of 25 or more repeats. The (CTG) 800 tract exhibited modest instability during the initial 32 days of clone expansion ( Fig. 2A and B and Supplementary Material, Fig. S1 ). The frequency of unstable alleles ranged from 2.5 to 7.5% in different clones, with no significant difference between clones (Table 1 and Supplementary Material, Table S1 ). The overall mutation rate was estimated at 0.28% per generation across all clones.
Clones were then split and continuously passaged for 10 additional doublings (20 days), or maintained in contact inhibition for the same interval. Bromodeoxyuridine (BrdU) incorporation confirmed an absence of cell proliferation in the contact-inhibited cells. Confluent cells showed no incorporation after 3 h, whereas proliferating cells showed 35% nuclear staining, consistent with previous studies of MRC-5 fibroblasts (23) . In confluent cells, there was no significant increase in the frequency of unstable alleles during the 20-day interval (0 -2.5% increase, Table 1 ), whereas proliferating cells continued to accrue unstable alleles (6.6 -14.8% increase, P , 0.05 after the 20-day interval, Table 1 and Fig. 2B , and Supplementary Material, Fig. S1 ). These results suggest that repeat instability is enhanced by proliferation of these cells.
There was ongoing instability during a final 22 days of cell growth (32 + 20 + 22 ¼ 74 days or 37 doublings), producing many expansions or contractions of more than 200 repeats ( Fig. 2B and Supplementary Material, Fig. S1 ). The cumulative frequency of unstable alleles in proliferating cells was 25.2%, comprising 9.2% expansions and 16.0% contractions (Table 1 and Supplementary Material, Table S1 ).
Transcription enhances instability of expanded CTG repeats
Next we activated transcription of the expanded repeat by Cremediated excision of the puroGFP-transcription-terminator cassette (Fig. 1A) . The recombined allele expresses hygromycin resistance (hyg) fused to the 3 ′ -UTR of DMPK, in which the (CTG) 800 is inserted. The fibroblast clones were transfected with plasmid encoding Cre, followed by transient selection in hygromycin. Although transcripts with expanded CUG repeats (CUG exp ) largely are retained in the nucleus (24, 25) , enough hygromycin resistance protein was translated to support the selection of recombinant cells. Excision of the puroGFP-transcription-terminator cassette was confirmed by PCR of genomic DNA, loss of GFP activity (data not shown), transcription of hyg (Fig. 1B) and accumulation of CUG exp RNA in nuclear foci (Fig. 1C) . We cultured the cells for 42 days after transfection of Cre, and then compared the repeat instability with non-Cre-transfected cells that were cultured for the same interval. In each of the three clones, the frequency of unstable alleles was significantly increased in recombined cells (P , 0.05 for each clone, Table 1 and Supplementary Material, Table S1 ). The estimated mutation rate was 3.7% per generation across all clones. Many alleles exhibited changes of more than 200 repeats ( Fig. 2B and Supplementary Material, Fig. S1 and Table S1 ), comprising 23% expansions and 30% contractions across all alleles. The increase in instability did not result from increased proliferation, as the rate of cell doubling was not higher in recombined than non-recombined cells (data not shown). Moreover, the level of transgene expression in recombined cells, as assessed by quantitative RT -PCR (qRT -PCR), was similar to native DMPK in human myoblasts (Supplementary Material, Fig. S2A ). Also, the nuclear CUG exp foci in fibroblast clones were less conspicuous than in DM1 cardiac tissue (Supplementary Material, Fig. S2B ). These results indicate that transcription-induced instability in the fibroblast clones was not driven by extreme levels of CTG expression.
Previous work has shown that repeat instability depends on the length of a (CTG) †(CAG) tract (5) . To determine whether the repeat length may affect transcription-induced destabilization of expanded CTG repeats, we transfected fibroblasts with a (CTG) 250 version of plasmid pLC16. We obtained three stably transfected clones for conditional expression of the (CTG) 250 repeat. Again we observed repeat instability during cell proliferation that was further enhanced by transcription (Table 1) . However, the frequency of unstable alleles and size of the length change were less than in (CTG) 800 clones, indicating that transcription stimulates repeat instability in a size-dependent manner.
Taken together, these results show that transcription aggravates the instability of (CTG) 800 or (CTG) 250 at a particular integration site, yielding both expansion and contraction Human Molecular Genetics, 2011, Vol. 20, No. 3 581 events. It is possible, however, that Cre recombination or hygromycin selection has contributed to repeat instability in these experiments. Since we did not observe growth inhibition in fibroblasts that express CTG repeats, we removed the transcription-terminator and hyg gene from our construct (plasmid pLC15-F, Fig. 3A ) and then derived fibroblast clones with constitutive expression of (CTG) 800 . The transcription of the expanded repeat was confirmed by strandspecific RT-PCR (Fig. 3B ). Within the initial 32 days of clonal expansion ( 18 doublings), the instability was much greater in four clones with constitutive expression than in clones without expression of CTG repeats (30 -50% unstable alleles for constitutive clones versus 2.5-7.5% for conditional clones prior to Cre activation; P , 0.0001, Fig Table S1 ). As the proliferation rates for conditional and constitutive clones were similar, these results support the conclusion that instability of (CTG) 800 is markedly enhanced by transcription. These studies have addressed the instability of DM1-like expansions in which the CTG repeat is located in a non-protein coding region. The pathogenic (CTG) †(CAG) expansions that are located in protein coding regions are oriented for expression of CAG repeats and polyglutamine proteins. While these expansions usually have fewer than 100 repeats, evidence suggests that somatic instability can generate alleles with hundreds of CAG repeats in selected neuronal populations (26) , although cells with highly expanded alleles may be continuously depleted by neuronal dropout. We therefore examined instability of highly expanded (CTG) †(CAG) repeats with constitutive transcription in the CAG-repeat direction, in the absence of a coding region for polyglutamine translation, so that polyglutamine toxicity would not be limiting. Expression of CAG exp RNA in plasmid pLC15-R is driven by the ROSA26 promoter (Fig. 3A) . Transcription in the CAG-repeat direction was confirmed by strand-specific RT -PCR (Fig. 3B) . Analysis of clones 32 days after transfection showed 23% unstable alleles. In contrast to cells with conditional expression, where expansion and contraction events occurred with similar frequency, the clones with constitutive expression showed a preponderance of contraction events, especially with transcription in CAG-repeat direction (2.0% expansion versus 21.0% contraction for all alleles, Supplementary Material, Table S1 ). 
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Bidirectional transcription further aggravates repeat instability
The (CTG) †(CAG) repeat at the DM1 locus is transcribed in the sense and antisense directions (16) . To model this situation, we prepared a construct for convergent bidirectional transcription of (CTG) 800 (pLC15-BD, Fig. 3A ). We obtained four independent stably transfected fibroblast clones, and confirmed transcription in both directions by strand-specific RT -PCR (Fig. 3B ). After 32 days of clonal expansion, 79% of alleles showed instability (P , 0.001 for comparison with forward or reverse transcription, Table 2 , Fig. 4B ). The estimated mutation rate was 8.3% per generation across all alleles, 30-fold greater than in cells not expressing the (CTG) 800 repeat (Supplementary Material, Table S1 ). Forty-two percent of alleles showed expansion and 37% showed contraction ( Fig. 4B and Supplementary Material, Table S1 ). The average size of the length change was greater with bidirectional transcription than in cells not expressing (CTG) 800 (Table 2 ). These results indicated that bidirectional transcription caused a marked aggravation of repeat instability, including expansions and contractions, producing unstable alleles at a higher frequency than the sum of the frequencies with unidirectional transcription in either direction (Table 2) .
DISCUSSION
Progenitor alleles in classical DM1 are usually between 100 and 800 CTG repeats (27, 28) . In contrast, adult biopsy and autopsy samples typically show 2000 to 6000 CTG repeats in the muscle or heart, with marked variability of the repeat length in different tissues of an individual (9, 10, 12, 14, 15) . Since the heterogeneity in fetal or neonatal tissues is much less extensive (9, 29) , it seems likely that somatic instability producing these hyperexpanded alleles has mainly occurred during postnatal life. The functional significance of somatic instability remains unclear (30) , but several lines of evidence suggest that it may have a role in determining the onset or progression of symptoms. In most of the repeat expansions disorders, there is a correlation between disease severity and size of the expanded repeat in peripheral blood cells (31) . While the repeat size in blood is not representative of other tissues, the existence of this correlation does suggest that pathogenicity is modulated at some level by the length of the expanded repeat. Microdissection studies in Huntington disease (HD) have shown that somatic expansions are most conspicuous in neuronal populations that are selectively vulnerable to degeneration (26) . In HD transgenic mice, the somatic instability was suppressed by ablation of mismatch repair protein MSH2, which caused a delay in the appearance of neuropathologic changes (32, 33) . In DM1, the mechanisms that underlie RNA dominance would suggest that RNA toxicity is modulated by size of the expanded RNA repeat. Since the toxicity of RNA is determined partly by sequestration of poly(CUG) binding proteins (34) , it seems likely that the capacity of a transcript to titrate binding proteins is proportional to the size of its expanded repeat.
If the theory that severity of DM1 is modulated by somatic expansion proves to be correct, it is the transition from hundreds to thousands of repeats, causing a many-fold rise in the cellular burden of CUG exp RNA, which may serve as a critical driver of disease progression. It is this aspect of repeat dynamics that has been difficult to study in experimental systems, owing to the strong tendency of expanded repeats to undergo contraction in conventional cloning vectors and many model systems (30, 35) . To our knowledge, this is the first experimental system to integrate highly expanded uninterrupted (CAG) †(CTG) repeats in mammalian cells. We focused our initial studies on transcription, because previous work has suggested that transcription-induced instability is particularly important in non-dividing cells (18) , the cells that are most affected in DM1. Also, considering that interventions to stabilize the repeat may have the potential to delay or ameliorate symptoms (2), the effect of transcription on repeat instability has important therapeutic implications. For example, it seems possible that suppression of either sense or antisense transcription may provide a safer approach to stabilize repeats than the direct targeting of factors that control DNA replication or repair. Previous studies of transcription-induced repeat instability used a selectable marker to detect rare contractions of (CAG) 95 down to fewer than 39 repeats (18). The basal frequency of contraction events was low, around 4 × 10 27 per generation, rising 15-fold when transcription of the repeat was induced. As contractions of this nature are rarely observed in human (CAG) †(CTG) expansion disorders, and cannot account for somatic growth of repeat expansions in tissue, the generalization of these observations to expansion events, to larger repeat sizes, to non-transformed cells and to other flanking sequence contexts was uncertain. The rate of instability in the current study was higher (up to 8 × 10 22 per generation), which may result from several factors, including the larger size of the expanded repeat, the detection of expansion as well as contraction events, the lower size threshold for detection of instability and the inclusion of flanking sequences from the human DM1 locus. Despite these experimental differences, it is noteworthy that results from the two systems substantially agree. An advantage of the current study is that it quantifies the frequency and size of variant alleles, including expansions as well as contractions, under circumstances (non-transformed cells, highly expanded repeats) that may resemble conditions in DM1 patients. However, the throughput is limited-the current study required the analysis of more than 1800 lanes of Southern blots. Also, the use of primary cells, and the requirement for extended propagation, limits the ability to study the contribution of specific factors. By comparison, the contraction selection assay is more efficient and has clear advantages for studying a broader range of genetic or pharmacologic conditions. Cells from DM1 individuals and DM1 model systems exhibit different patterns of CTG instability. We observed many discreet changes of more than 200 repeats, suggesting a saltatory process that creates large expansions or contractions in a single step. DM1 patient-derived lymphoblastoid cell lines also showed 'step-wise' patterns of repeat expansion (36) . In contrast, DM1 fetal fibroblasts that carried 216 CTG repeats showed a 'synchronous' pattern instability and a consistent bias for further expansion (37) . The synchronous expansions depended on cell proliferation, and probably resulted from steady accrual of small expansions (one or several repeats) during DNA replication. Similar patterns of 'synchronous' expansion were previously observed by other investigators (38) (39) (40) . The underlying mechanisms 
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Human Molecular Genetics, 2011, Vol. 20, No. 3 responsible for synchronous versus stepwise patterns of instability, and the relative frequency of expansion or contraction events, are presently unknown. It is noteworthy, however, that DM1 fibroblasts were converted from synchronous to saltatory patterns when exposed to agents causing arrest of replication fork progression and/or DNA polymerases, triggering step-wise increases of as many as 170 CTG repeats (37) .
Since the level of DMPK expression in fibroblasts is quite low (41), we speculate that in the present study the transcription of a longer repeat, driven by a different promoter, may have led to collapse of replication forks, perhaps by a mechanism similar to bacteria (17, 42) , resulting in saltatory patterns of repeat instability. Recent studies of DM1 patient-derived cells mapped two potential replication origins, one upstream and one downstream of the CTG/CAG repeat (43) . A limitation of our study is that every clone represents a different integration event. The phiC31 integrase mediates integration at pseudo-attP sites, with minimal bias for intragenic versus inter-genic insertions (22) . The number of these sites in the human genome is fairly large (.70), with no strong preference for utilization of a single site. For example, none of the pseudo-attP sites accounted for more than 8% of integration events in a previous study (22) . Therefore, while we have not mapped integration sites, it is likely that our fibroblast clones have CTG repeat insertions at different chromosomal locations. Despite this variability, it is interesting that instability was a consistent feature among many different clonal isolates, suggesting that marked instability of highly expanded CTG repeats does not have a stringent requirement for specific local chromatin environments, provided that the repeat is transcribed. Alternatively, it is possible that the immediate flanking sequence contained within the construct, and common to all of our clones, has dominated the instability behavior. Of note, our constructs contain the CTCF sites that flank the CTG repeat in DMPK. Recent studies have established CTCF as a key modifier of (CAG) †(CTG) repeat instability at the SCA7 locus (44) . Finally, an additional limitation of the study is that the activity of promoters that drive expression of the expanded repeat may differ from activity of native promoters at the DM1 locus.
A key finding of the current study is that bidirectional convergent transcription of an expanded (CTG) †(CAG), a phenomenon observed at several expanded repeat loci (44) (45) (46) , has markedly increased the frequency of repeat expansions. This finding is consistent with a recent study showing that bidirectional transcription increases the frequency of contractions for a (CAG) 95 repeat (47) . The mechanism for this effect has not been determined. In S. cerevisiae, convergent bidirectional transcription, resulting in 'transcriptional collision', can inhibit or stall elongation by RNA polymerase II (48) . Such an effect may potentiate the formation of extrahelical loops of CAG or CTG repeats, or trigger the formation of persistent RNA:DNA hybrids (20, 49) , and thereby promote instability. In the case of immunoglobulin gene variable regions, bidirectional transcription is proposed to make ssDNA more accessible to proteins that carry out somatic recombination (50) . This raises the possibility that enhanced access of repair factors to expanded repeat DNA could similarly promote instability (51) . Bidirectional transcription of tandem repeats may also recruit factors that mediate epigenetic modifications, such as CpG methylation. In turn, these factors or modifications may modulate the process of repeat instability. Finally, convergent bidirectional transcription would increase positive supercoiling ahead of the respective transcription complexes (52) , which may promote the instability of expanded (CAG) †(CTG) repeats (53) . Further studies will be needed to determine which of these mechanisms, if any, are operating in DM1.
MATERIALS AND METHODS
Plasmids
Plasmid pLC16 for conditional transcription of expanded CTG repeats (Fig. 1A) was created from plasmid LLC9 (54) . pLC16 contains the CMV/chicken beta-actin enhancer/promoter (gift from Dr J. Miyazaki), followed by a floxed selection-stop cassette, a downstream cDNA for hygromycin resistance (hyg), and, finally, the human DMPK 3 ′ -UTR (nt 2096 -2841, accession number NM_004409), modified with restriction sites for insertion of expanded CTG repeats (see below). Plasmids in this series also contain an attB element for integration in the host genome by PhiC31 integrase (55) . The selection-stop cassette contains the cDNA encoding a puromycin resistance-eGFP fusion protein (56) followed by the 'triplestop' transcription terminator (a series of three SV40 polyadenylation signals, Dr C. Lobe) (57) . Previously, we found that insertion of this triple-stop element between the CMV/ chicken beta-actin enhancer/promoter and a downstream reporter caused . Plasmid pLC15-F for constitutive transcription of CTG repeats in the forward direction (equivalent to the sense DMPK transcript, producing a CUG repeat RNA) was derived from pLC16 by removal of the selection-stop cassette and hygromycin resistance gene. A separate transcription unit encoding puromycin resistance (derived from pTREpuro, Clontech) was inserted at an upstream position (Fig. 3A) . For constitutive transcription of (CTG) †(CAG) repeats in both directions, plasmid LC15-BD was derived from pLC15-A by inserting the ROSA26 promoter (gift from Dr E. Sandgren) downstream of DMPK 3 ′ -UTR (Fig. 3A) . Plasmid LC15-R for constitutive transcription in the reverse direction (equivalent to the antisense DMPK transcript, producing a CAG repeat RNA) was made from pLC15-BD by removing the CMV/chicken beta-actin enhancer/promoter (Fig. 3A) . The expanded CTG repeats were generated in the 'repeat donor' plasmid, pDWD, by cell-free cloning using Phi29 polymerase and rolling circle amplification as previously described (21) . Versions of pDWD were made with repeat tracts of 250 or 800 repeats. The length of the hyper-expanded repeat was too long for full sequence confirmation. However, repeats generated by this method are uninterrupted when sequenced from either end (21) , and the method for expanding the repeat tract is not expected to generate sequence interruptions. The repeat tract was excised from pDWD by digestion with BstEII and BstXI and then directionally ligated into these same sites in the DMPK 3 ′ -UTR of pLC plasmids. This procedure inserts the expanded repeat at its normal position in the DMPK 3 ′ -UTR, except that the following sequence is included at the 5 ′ -end of the repeat tract: GCCTTAGCCA CGCCACTGGCTTAAGTCGGTAACCCACCCGGTG. The ligation product was directly used to transfect fibroblasts.
Cell culture and transfection
Human fetal lung fibroblasts (MRC-5 cells) were obtained from the Coriell Institute at passage 27. Cells were cultured in MEM (Gibco) supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin. 5 × 10 5 cells were co-transfected with 200 ng of repeatcontaining plasmid and 1.8 mg of plasmid PhiC31o encoding the PhiC31 integrase (58) . Transfection was performed using Nucleofector technology (Lonza) according to the manufacturer's program U-23. Stably transfected clones were selected with puromycin (0.5 mg/ml). To excise the selection-stop cassette, cells were nucleofected with pHSVCre WT encoding Cre recombinase (gift from Dr W. Bowers). Cells with recombination were selected using hygromycin B (50 mg/ml). Excision of the selection-stop cassette was confirmed by PCR using forward primer: 5 ′ -TTCGGCTTCTGGCGTGTGAC-3 ′ and reverse primers 5
For experiments on non-proliferating cells, fibroblasts were grown to confluence. Residual cell division in contact-inhibited cells was assessed using a BrdU Staining Kit (Invitrogen) according to the manufacturer's instructions.
Repeat length analysis
Genomic DNA was extracted from MRC-5 clones using the Gentra Puregene Cell Kit (Qiagen). Expanded CTG repeats were sized by small-pool PCR followed by Southern blot. Small-pool PCR was performed according to the method of Gomes-Pereira (59) with some modifications. Briefly, the transgene sequence containing the CTG repeat was amplified by Expand Long Template PCR System (Roche) using primers 5
′ -ACCCTAGAACTGTCTTCGACTCC-3 ′ and 5 ′ -TT CCCGAGTAAGCAGGCAGAG-3 ′ through 24 rounds of PCR. The small-pool PCR products were resolved on 0.7% agarose gels buffered with 40 mM Tris -acetate, 1 mM EDTA. PCR products were transferred to nylon membranes (Roche) and then hybridized with digoxigenin (DIG)-labeled (CAG) 7 LNA probe as described previously (14) . At least 40 alleles were analyzed for each clone. Differences in the expansion length and heterogeneity were tested using Chi-square analysis. An estimate of mutation frequency was calculated under the conservative assumption that each variant allele resulted from a single expansion or contraction event.
RT -PCR
RNA was harvested with TRIZOL (Molecular Research Center) and treated with Turbo DNA-free (Ambion) to remove contaminating DNA. One microgram of total RNA was primed with oligo(dT) plus random hexamers and reverse transcribed with Superscript II (Invitrogen) followed by treatment with RNase H. For RT -PCR to examine expression of hygromycin resistance cassette, the hyg sequence was amplified for 28 cycles using primers 5 ′ -CTACTTCGAGCGGAGGCATC-3 ′ and 5 ′ -ACACAGCCA TCGGTCCAGAC-3 ′ . As an internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as described previously (60) . For strand-specific RT-PCR, cDNAs complementary to both sense and antisense strand RNA were synthesized with the tagged primers 5
′ -CGAC TGGAGCACGAGGACACTGATCTAGAGAATAGGAACT TCGGAATAG-3 ′ , and 5 ′ -CGACTGGAGCACGAGGACAC TGAGGCTGAGGCCCTGACGTGGATGGGCAAAC-3 ′ , respectively. The first-round PCR was carried out with the tagged primer LK (CGACTGGAGCACGAGGACACTGA) and a sense-specific (5 ′ -TGACTGACCGCGTTACTCCCA CA-3 ′ ) or antisense-specific primer (5 ′ -GGAGCAAAACAG AATGGCTGGC-3 ′ ) for 15 cycles. The second round of PCR used the LK primer and nested primers for the sense strand, 5
′ -GCAACGTGCTGGTTATTGTG-3 ′ or the antisense strand, 5
′ -TTCCCGAGTAAGCAGGCAGAG-3 ′ for 20 additional cycles. PCR products for both studies were analyzed on agarose gels using ImageQuant software (Molecular Dynamics).
mRNA quantification
Quantitative RT -PCR of transgene mRNA was performed using TaqMan Gene Expression assays on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). The probes and primers hybridized to identical sequence in the transgene and DMPK mRNA, in the 3 ′ -UTR. The level of endogenous DMPK plus transgene-derived mRNA was normalized to the mean expression level of two housekeeping transcripts, 18S rRNA and RNA polymerase II polypeptide A (POLR2A). DMPK primer sequences were 5 ′ -CTATCGTT GGTTCGCAAAGTG-3 ′ and 5 ′ -GCAAATTTCCCGAGTAA GCAG-3 ′ . The probe sequence was 5 ′ -AAGCTTTCTTGT GCATGACGCCC-3 ′ .
FISH
FISH was performed as previously described (8) except that cells were fixed for 15 min at RT with 3% paraformaldehyde and permeabilized with 0.5% Triton X-100. 
